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Although developmental differences in left ventricular function after car- 
dioplegic arrest and rewarming have been postulated, whether differences 
exist at the level of the myocyte r mains unexplored. This project ested the 
hypothesis that there is a differential effect of hypothermic hyperkalemic 
cardioplegic arrest with subsequent rewarming o  contractile function of 
immature compared with adult ventricular myocytes. Myocytes were iso- 
lated from the left ventricular free wall of five immature and five adult 
rabbits and incubated for 2 hours in hyperkalemic modified Ringer's 
solution at 4 ° C (cardioplegia) or for 2 hours in cell culture medium at 37 ° C 
(normothermia). Myocytes were resuspended ("rewarmed") in 37 ° C cell 
culture medium after the incubation protocol. Normothermic baseline 
contractile performance was lower in immature, compared with adult, 
myocytes. Specifically, myocyte shortening velocity was 62 -- 4 /~m/sec in 
immature and 112 + 6 #m/sec in adult myocytes (p < 0o01). After 
cardioplegia nd rewarming, immature myocyte contractile function was 
unchanged, whereas adult myocyte contractile function was significantly 
diminished. For example, myocyte shortening velocity was 65 -- 4/~m/sec in 
immature and 58 --- 3 /xm/sec in adult myocytes (p < 0.01 versus 
normothermic). Myocyte surface area, which reflects myocyte volume, was 
increased after cardioplegia nd rewarming in adults (3582 --- 55 versus 
3316 --+ 46/xm 2, p < 0.01), but remained unchanged in immature myocytes 
(2212 - 27 versus 2285 + 28 #m 2, p = not significant). These unique 
findings demonstrate a preservation of myocyte contractile function and 
volume regulation in immature myocytes after cardioplegic arrest and 
rewarming. Thus this study directly demonstrates that developmental 
differences exist in myocyte responses to hypothermic hyperkalemic car- 
dioplegic arrest with subsequent rewarming. (J Thorac Cardiovasc Surg 
1996;111:1257-66) 
L eft ventricular (LV) pump dysfunction in the early postoperative period is a major source of 
morbidity and mortality in neonates and infants 
after palliative and corrective operation for congen- 
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ital heart disease. 1-3 One potential contributor), 
mechanism for reduced LV pump function in the 
early postoperative period is transient changes in 
myocardial contractile performance as a conse- 
quence of cardioplegic arrest and subsequent re- 
warming. 
It has been clearly demonstrated that in the intact, 
mature LV myocardium, hypothermic hyperkalemic 
cardioplegic arrest and rewarming causes transient 
changes in LV pump performance. 4-7More recently, 
it has been demonstrated that hypothermic hy- 
perkalemic ardioplegic arrest and rewarming has 
direct negative ffects on myocyte contractile func- 
tion in myocytes isolated from mature LV myocar- 
dium. s However, there are significant differences 
between adult and immature myocardium with re- 
spect to anatomic and physiologic parameters re- 
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lated to energy production and utilization and exci- 
tation-contraction coupling. Specifically, immature 
myocardium has greater potential for anaerobic 
glycolysis, greater amino acid utilization via sub- 
strate-level phosphorylation, and a relatively under- 
developed sarcoplasmic reticulum. 2~9-13 Despite 
these developmental differences in myocyte physio- 
logic makeup, fundamentally similar myocardial 
preservation techniques are used for both adult and 
immature hearts undergoing cardiac operation. 13 
However, whether there is a differential effect of 
cardioplegic arrest and rewarming on adult and 
immature myocyte contractile performance has not 
been explored. Accordingly, the current study was 
done to test the central hypothesis that differences 
exist in the response of myocytes isolated from 
immature hearts compared with the response of 
myocytes from adult hearts after hypothermic hy- 
perkalemic ardioplegic arrest with subsequent re- 
warming. 
Methods 
LV myocytes were isolated from five adult and five 
immature rabbits. Isolated myocytes were then random- 
ized to simulated hypothermic hyperkalemic cardioplegic 
arrest with subsequent rewarming or to incubation under 
normothermic control conditions. Isolated myocyte con- 
tractile function, myocyte response to ¢3-adrenergic recep- 
tor stimulation, and myocyte morph0metry were then 
examined. 
Experimental model and myocyte isolation. LV myo- 
cytes were isolated from five adult (age 9 months, 4 kg) 
and five sexually immature (age 1 month, 1 kg) New 
Zealand White rabbits. The rabbits were anesthetized 
(pentobarbital sodium, 50 mg/kg; 2% isoflurane) and, 
through a median sternotomy, the heart was expeditiously 
removed and placed in an iced, oxygenated Krebs solu- 
tion. 
Methods for myocyte isolation after retrograde collag- 
chase digestion have been published previously, s Briefly, 
the right ventricular f ee wall and atrial tissue were rapidly 
dissected from the LV. The aorta was identified and 
cannulated with the tip of the cannula above the aortic 
valve. The LV was then perfused with oxygenated 
modified Krebs solution containing aerobic substrates, 
hyaluronidase (1.1 mg/ml, Sigma, St. Louis, Mo.), and 
collagenase (1 mg/ml, Worthington Biochemical Corp., 
Freehold, N.J.) for 20 minutes. The interventricular sep- 
turn was dissected free and discarded, and the LV free 
wall myocardium was minced into 2 mm a sections. These 
pieces were added to an oxygenated trituration solution 
containing 400/xmol/L CaCl2 and collagenase and gently 
agitated. In 5-minute intervals, the supernatant was re- 
moved and filtered and the cells allowed to settle. The 
resultant myocyte pellet was then resuspended in cell 
culture medium (medium M199, 2 mmol/L Ca 2÷, Gibco 
Laboratories, Grand Island, N.Y.). With use of this 
method, a high yield (70%) of viable myocytes was 
routinely obtained. 
All animals were treated and cared for in accordance 
with the "Guide for the Care and Use of Laboratory 
Animals" published by the National Institutes of Health 
(N!H Publication No. 86-23). 
Treatment protocols. This laboratory has previously 
reported a method to subject isolated myocytes to simu- 
lated hypothermic hyperkalemic cardioplegic arrest and 
rewarming, s Briefly, myocytes were randomly assigned to 
either hypothermic hyperkalemic cardioplegic arrest with 
subsequent rewarming or to incubation under normother- 
mic control conditions. Myocytes were assigned to either 
the cardioplegia group, with incubation in modified Ring- 
er's solution (24 mEq/L K ÷, 30 mEq/L HCO3- , pH 7.5) 
for 2 hours at 4 ° C, or to the normothermia group, with 
incubation i  cell culture medium (5.4 mEq/L K +, pH 7.5) 
for 2 hours at 37 ° C. The incubation solutions had pre- 
viously been oxygenated with 95% O 2 and 5% CO2 to 
maintain the oxygen tension greater than 300 torr through- 
out the incubation period. After the 2-hour incubation, 
rewarming and reperfusion were simulated by resuspension 
of myocytes in both groups in fresh, oxygenated, normother- 
mic cell culture medium. After rewarming, subsets of myo- 
cytes were prepared for contractile function studies or were 
preserved in a 2% formaldehyde and 2% glutaraldehyde 
solution (pH 7.4, 325 mOsm) for subsequent morphometric 
analysis. 
Isolated myocyte function. Isolated myocytes were 
placed in a thermostatically controlled chamber (37 ° C) 
fitted with a coverslip on the bottom for imaging on an 
inverted microscope (Axiovert IM35, Zeiss Inc., Munich, 
Germany). Myocytes were imaged with a ×20 long work- 
ing distance objective. Myocyte contractions were elicited 
by field stimulation at 1 HZ (Sll, Grass Instruments, 
Quincy, Mass.) with current pulses of 5 msec duration and 
voltages 10% higher than contraction threshold. The 
polarity of the stimulating electrodes was alternated at 
every pulse to prevent he buildup of electrochemical 
by-products. Myocyte contractions were imaged with use 
of a charge-coupled device with a noninterlaced scan rate 
of 240 Hz (model GPCD60, Panasonic, Secaucus, N.J.). 
Myocyte motion signals were captured with a single 
myocyte aligned parallel to the video raster lines, and this 
video signal was input through an edge-detector system 
(Crescent Electronics, Sandy, Utah). The distance be- 
tween the left and right myocyte dges was converted into 
a voltage signal, digitized, and input to a computer (80486, 
Zeos International, Minneapolis, Minn.) for subsequent 
analysis. 
Stimulated myocytes were allowed a 5-minute stabiliza- 
tion period after which contraction data for each myocyte 
were recorded from a minimum of 20 consecutive con- 
tractions. ParameterS computed from the digitized con- 
traction profiles included percent shortening, peak veloc- 
ity of shortening (in micrometers per second), peak 
velocity of relengthening (micrometers per second), total 
contraction duration (milliseconds), time to peak contrac- 
tion (milliseconds), and time to 50% relaxation (millisec- 
onds). After Collection of these baseline indices of myo- 
cyte function, measurements were then repeated after the 
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Fig. 1. Representative myocyte contraction profiles at baseline and after/3-adrenergic receptor stimula- 
tion (/3-AR) from adult and immature myocytes after normothermic incubation or hypothermic hyperkale- 
mic cardioplegic arrest with rewarming. In adult myocytes, resting length and contractile performance were 
decreased after cardioplegic arrest and rewarming. In contrast, immature myocyte resting length and 
contractile performance were unchanged after cardioplegic arrest and rewarming. Indices of myocyte 
contractile function are summarized in Tables I and II. 
1 
0.8 
addition of (-)-isoproterenol (25 nmol/L) to the cham- 
ber. 14 
Isolated myocyte morphometry. To measure myocyte 
surface area, previously preserved myocytes were exam- 
ined under light microscopy on an inverted microscope 
(model IM-35, Zeiss). Myocytes were imaged at ×1000 
magnification with use of an epifluorescence illuminator 
with a rhodamine filter. Isolated myocyte borders were 
digitized by an image analysis ystem (IBAS, Zeiss/Kon- 
tron), and profile surface area was computed by planim- 
etry directly from the digitized image. It has been previ- 
ously demonstrated that the profile surface area directly 
reflects myocyte volume. 15 
Data analysis. Indices of myocyte function were com- 
pared among the treatment groups by analysis of variance. 
Analysis of the morphometric data was done with the 
average measurements obtained for each animal, and 
the groups were compared by analysis of variance. If the 
analysis of variance revealed significant differences, pair- 
wise tests of individual group means were compared by 
Bonferroni probabilities. 16All statistical procedures were 
done with a BMDP statistical software package (BMDP 
Statistical Software Inc., Los Angeles, Calif.). Data are 
presented as mean plus or minus the standard error of the 
mean. Values ofp < 0.05 were considered to be statisti- 
cally significant. 
Results 
Isolated myocyte contractile function. Represen- 
tative baseline contraction profiles for adult and 
immature myocytes after incubation under normo- 
thermic conditions and after hypothermic hy- 
perkalernic ardioplegic arrest with subsequent re- 
warming are demonstrated in Fig. 1. A summary of 
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Table I. Effects of hypothermic hyperkalemic 
cardioplegic arrest and rewarming in adult and 
immature rabbit myocytes 
Normothermia Cardioplegia 
Resting length (/~m) 
Adult 140 _+ 2 126 ± 2* 
Immature 114 +_ 27 114 ± 27 
Percent shortening (%) 
Adult 7.3 -+ 0.2 4.4 ± 0.2* 
Immature 4.4 -+ 0.3? 5.3 _+ 0.2*? 
Shortening velocity (/xm/sec) 
Adult 112 ± 6 58 _+ 3* 
Immature 62 ± 4? 65 _+ 4 
Relengthening velocity 0xm/sec) 
Adult 125 _+ 6 59 ± 3* 
Immature 63 _+ 4? 75 ± 5? 
Duration of contraction (msec) 
Adult 394 _+ 9 386 ± 9 
Immature 308 ± 127 370 ± 21" 
Time to peak contraction (msec) 
Adult 202 ± 5 189 ± 3* 
Immature 150 ± 5? 176 _+ 4*? 
Time to 50% relaxation (msec) 
Adult 73 ± 3 79 _+ 3 
Immature 57 ± 3? 64 _+ 3? 
Sample size (n = myocytes) 
Adult 105 129 
Immature 52 61 
Normothermia, 2-hour incubation (cell medium, 5.4 mEq/L K +) at 37 ° C; 
Cardioplegia, 2-hour incubation (crystalloid, 24 mE@ K +) at 4 ° C; Adult, 
New Zealand White rabbit, age 6 months, 4 kg; Immature, age 1 month, 
lkg. 
*p < 0.05 versus Normothermia. 
"~p < 0.05 versus Adult. 
isolated myocyte contractile function at baseline 
after normothermic ncubation and after hypother- 
mic hyperkalemic cardioplegic arrest and rewarming 
is shown in Table I. Under normothermic baseline 
conditions, immature myocyte contractile perfor- 
mance was different from that in adult myocytes. 
Specifically, shortening velocity was 45% lower in 
immature myocytes when compared with the adult 
myocyte values. After hypothermic hyperkalemic 
cardioplegic arrest with subsequent rewarming, 
adult myocyte contractile function was significantly 
diminished compared with the normothermia val- 
ues. For example, adult myocyte shortening velocity 
was 48% lower after cardioplegic arrest and re- 
warming. In contrast, immature myocyte shortening 
velocity was not diminished after hypothermic hy- 
perkalemic ardioplegic arrest and rewarming com- 
pared with the normothermia value. Interestingly, 
immature myocyte percent shortening was higher 
after hypothermic hyperkalemic cardioplegic arrest 
with subsequent rewarming compared with normo- 
thermia control values. In both adult and immature 
myocytes, there was no change in the number of 
viable myocytes after cardioplegic arrest when com- 
pared with normothermia values. 
Myocyte peak relengthening velocity, an index of 
active relaxation processes, 17was also derived from 
the contraction profiles. Under normothermic base- 
line conditions, immature myocyte relengthening 
velocity was lower, compared with adult myocyte 
values. After hypothermic hyperkalemic cardiople- 
gic arrest and rewarming, adult myocyte relengthen- 
ing velocity was diminished compared with the 
normothermia control values. In contrast, immature 
myocyte relengthening velocity was unchanged after 
hypothermic hyperkalemic cardioplegic arrest with 
subsequent rewarming. Another important index of 
myocyte contractile function, the total duration of 
contraction, was shorter in immature myocytes after 
normothermic incubation than in adult myocytes. 
After hypothermic hyperkalemic cardioplegic arrest 
with subsequent rewarming, duration of contraction 
was unchanged in adult myocytes, but was increased 
in immature myocytes. Thus the increased percent 
shortening observed in immature myocytes after 
hypothermic hyperkalemic cardioplegic arrest with 
subsequent rewarming was a function of preserved 
shortening and relengthening velocities with in- 
creased total duration of contraction. 
Myocyte /]-adrenergic responsiveness. In the 
next series of studies, the capacity of isolated myo- 
cytes to respond to an inotropic stimulus was exam- 
ined after exposure to the /3-adrenergic agonist 
isoproterenol. Representative contraction profiles 
for adult and immature myocytes with/3-adrenergic 
receptor stimulation after incubation under normo- 
thermic conditions and after hypothermic hy- 
perkalemic ardioplegic arrest with subsequent re- 
warming are shown in Fig. 1. Indices of isolated 
myocyte contractile function with/3-adrenergic stim- 
ulation after normothermic incubation and after 
hypothermic hyperkalemic cardioplegic arrest and 
rewarming are shown in Table II. In the presence of 
isoproterenol, isolated myocyte contractile function 
was increased, compared with baseline values, in 
adult and immature myocytes after normothermic 
incubation and after hypothermic hyperkalemic car- 
dioplegic arrest and rewarming. After incubation 
under normothermic onditions, the ~3-adrenergic 
response was lower in immature myocytes than in 
adult myocytes. Specifically, shortening velocity was 
37% lower in immature myocytes compared with 
that in adult myocytes. After hypothermic by- 
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perkalemic ardioplegic arrest and rewarming, adult 
myocyte /3-adrenergic response was diminished 
compared with normothermic ontrol values. For 
example, shortening velocity was 44% lower in adult 
myocytes after hypothermic hyperkalemic cardioplegic 
arrest and rewarming. In contrast, immature myocyte 
/3-adrenergic response after hypothermic hyperkale- 
mic cardioplegic arrest with subsequent rewarming 
was not diminished compared with normothermia 
control values. 
Isolated myocyte geometry. Adult and immature 
isolated myocyte resting lengths are summarized in 
Table I. After incubation under normothermic con- 
ditions, isolated myocyte resting length was greater 
in adult, compared with immature, myocytes. After 
hypothermic hyperkalemic cardioplegic arrest with 
subsequent rewarming, resting length in adult myo- 
cytes was significantly reduced. In contrast, imma- 
ture myocyte resting length was unchanged after 
hypothermic hyperkalemic cardioplegic arrest and 
rewarming. 
To further investigate changes in myocyte geom- 
etry after hypothermic hypokalemic ardioplegic 
arrest and rewarming, myocyte profile surface area 
was measured. Myocyte surface area frequency dis- 
tributions for adult and immature myocytes after 
normothermic incubation and after hypothermic 
hyperkalemic cardioplegic arrest and rewarming are 
shown in Fig. 2. The frequency distribution approx- 
imated a gaussian distribution in all groups. Normo- 
thermic adult myocyte profile surface area (3316 _+ 
46/,m 2) was significantly higher than that for imma- 
ture myocytes (2212 _+ 27 /,m 2, p < 0.01). After 
hypothermic hyperkalemic cardioplegic arrest with 
subsequent rewarming, adult myocyte surface area 
was increased (3582 _+ 55 /xm 2, p < 0.01). In 
contrast, there was no change in immature myocyte 
profile surface area after hypothermic hyperkalemic 
cardioplegic arrest and rewarming (2285 _+ 28/xm 2, 
p < 0.01). Thus in adult myocytes hypothermic 
hyperkalemic ardioplegic arrest and rewarming 
caused decreased resting length, but significantly 
increased myocyte surface area. These changes in 
myocyte geometry are consistent with myocyte 
swelling, is In contrast, no significant changes in 
immature myocyte resting length or surface area 
occurred. 
Discussion 
LV pump dysfunction occurs in all age groups 
after major cardiac operations. Though usually tran- 
sient, the resulting low cardiac output state may 
Table II. Hypothermic hyperkalemic cardioplegic 
arrest and rewarming in adult and immature rabbit 
myocytes: effect of [3-adrenergic receptor stimulation 
Normothermia Cardioplegia 
Percent shortening (%) 
Adult 9.9 -+ 0.5* 6.7 ± 0.3"? 
Immature 6.2 -+ 0.4*:) 8.1 ± 0.3*?:) 
Shortening velocity 0xm/sec) 
Adult 188 -+ 16" 105 ± 6"~ 
Immature 93 -+ 7*:) 110 ± 5"~ 
Relengthening velocity (/xm/sec) 
Adult 202 -+ 14' 106 ± 6"~ 
Immature 98 -+ 7*:) 124 _+ 7"~:) 
Duration of contraction (msec) 
Adult 309 -+ 11" 340 _+ 11" 
Immature 275 ± 8':~ 311 ± 14*t 
Time to peak contraction (msec) 
Adult 160 -+ 5* 165 _+ 3* 
Immature 143 -+ 4:) 155 ± 4"~ 
Time to 50% relaxation (msec) 
Adult 54 -+ 2* 61 ± 2"~ 
Immature 51 -+ 2 54 ± 2*:) 
Sample size (n = myocytes) 
Adult 105 129 
Immature 44 49 
Nom*othermia, 2-hour incubation (ceil medium, 5.4 mEq/L K +) at 37 ° C; 
Cardioplegia, 2-hour incubation (crystalloid, 24 mEq/L K +) at 4 ° C;Adult, 
New Zealand White rabbit, age 6 months, 4 kg; Immature, age I month, 
1 kg. 
*p < 0.05 versus baseline 
tp < 0.05 versus Normothermia. 
:~p < 0.05 versus Adult. 
result in significant morbidity and mortality. 1-3 In 
adult myocardium, hypothermic hyperkalemic car- 
dioplegic arrest with subsequent rewarming has 
been linked to transient postoperative LV pump 
dysfunction. 4-7 This laboratory has previously dem- 
onstrated that diminished LV myocyte contractile 
performance after exposure to hypothermic hy- 
perkalemic ardioplegia with subsequent rewarming 
is a contributory mechanism for diminished LV 
function, s In immature myocardium, however, there 
is experimental evidence for increased resistance to 
the detrimental effects of ischemia. 18-22 In addition, 
developmental differences exist between adult and 
immature myocardium that may account for in- 
creased ischemic tolerance of the immature 
heart. 9-13 However, the direct effects of hypothermic 
hyperkalemic ardioplegic arrest with subsequent 
rewarming on immature myocyte contractile perfor- 
mance remained unknown. 
Accordingly, the current study addressed this 
question with use of a method to subject isolated 
myocytes to simulated cardioplegic arrest and re- 
warming. There are several unique findings of this 
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Fig. 2. Myocyte profile surface area frequency distribution for adult and immature myocytes after 
normothermic incubation or hypothermic hyperkalemic ardioplegic arrest and rewarming. Myocyte 
profile surface area directly reflects myocyte volume. Normothermic baseline profile surface area was 
greater in adult than in immature myocytes. After hypothermic hyperkalemic cardioplegic arrest and 
rewarming, adult myocyte profile surface area was significantly increased. In contrast, there was no change 
in immature myocyte surface area after cardioplegic arrest and rewarming. Absolute values for mean 
myocyte profile surface area are given in Results section. 
study. First, unlike that of adult ventricular myo- 
cytes, immature myocyte contractile function was 
not diminished by hypothermic hyperkalemic ar- 
dioplegic arrest with subsequent rewarming. Sec- 
ond, unlike that of adult myocytes, contractile re- 
sponse to/3-adrenergic receptor stimulation was not 
diminished in immature myocytes after hypothermic 
hyperkalemic cardioplegic arrest and rewarming. 
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Third, immature myocyte volume was not affected 
by exposure to cardioplegia nd rewarming, which 
implies preservation of cellular homeostasis. Thus 
this study provides, for the first time, direct evidence 
that there is an age-dependent, differential response 
of myocyte contractile function after hypothermic 
hyperkalemic cardioplegic arrest and rewarming. 
The clinical and basic literature that addresses 
ischemia and cardioplegic protection in the imma- 
ture myocardium is controversial. For example, sev- 
eral clinical studies have reported more favorable 
results in immature, compared with adult, myocar- 
dium after hypothermic ardioplegia, 23-25 whereas 
others have reported inadequate protection in im- 
mature myocardium. 26-2s Experimental studies have 
also produced conflicting results. 9-1a' is-22 In both 
clinical and experimental studies, a wide range of 
subject ages, models, cardioplegic protocols, and 
endpoint measures may have contributed to the 
disparate findings. For instance, in experimental 
studies of immature hearts, time to ischemic con- 
tracture and capacity for functional recovery as 
different endpoint measures may produce conflict- 
ing results in the same model. ~3 In the current study, 
these complexities are simplified by study of the 
basic measure of contractile function, the myocyte. 
To our knowledge, this study is the first to examine 
the age-dependent effects of hypothermic cardiople- 
gia and rewarming on myocyte contractile function. 
This study provides direct evidence that immature 
myocytes are more resistant, compared with adult 
myocytes, to the detrimental effects on contractile 
performance of hypothermic hyperkalemic ar- 
dioplegic arrest with subsequent rewarming. 
Isolated myocyte contractile function. In the cur- 
rent study, under normothermic baseline conditions, 
immature myocyte contractile performance was sig- 
nificantly lower than that in adult myocytes. This 
result is consistent with previous reports of lower 
developed tension and lower maximal rate of ten- 
sion development in immature, compared with 
adult, myocardium. 29 Also consistent with these 
findings, immature myocytes have been demon- 
strated to have lower myofibril content, reduced 
myofibrillar adenosinetriphosphatase levels, and 
lower intracellular calcium concentrations com- 
pared with adult myocytes. 3° After hypothermic 
hyperkalemic ardioplegic arrest with subsequent 
rewarming, contractile function was reduced in 
adult myocytes. This finding is consistent with that 
of a previous report from this laboratory, s The 
unique finding of this study is the demonstration 
that contractile function in immature myocytcs was 
not diminished after hypothermic hyperkalemic car- 
dioplegic arrest and rewarming. This study provides 
new evidence to suggest hat a fundamental mech- 
anism of greater functional recovery of immature 
myocardium after hypothermic hyperkalemic ar- 
dioplegic arrest and rewarming is preservation of 
myocyte contractile function. 
Hyperkalemic ardioplegic arrest results in in- 
creased intracellular calcium concentrations. 31 Pre- 
vious studies have reported that the resulting intra- 
cellular calcium overload is a major contributing 
factor to the development of postischemic myocar- 
dial injury. 32' 33 Because of age-related underdevel- 
opment of the sarcoplasmic reticulum, it has been 
proposed that reduced ability to sequester increased 
intracellular calcium with hyperkalemic cardioplegic 
arrest may potentiate myocardial injury in immature 
hearts. 2However, because there are developmental 
differences in cellular calcium handling, differences 
in the calcium response to increased extracellular 
potassium may exist. In fact, it has been reported 
that potassium-induced depolarization of immature 
myocytes does not result in significantly increased 
intracellular calcium levels. 34 Thus a potential 
contributory mechanism for the developmental dif- 
ference in myocyte contractile response after hypo- 
thermic hyperkalemic cardioplegic arrest and subse- 
quent rewarming is age-dependent differences in 
myocyte calcium physiologic makeup and reduced 
calcium-mediated myocyte injury. 
Myocyte ~-adrenergic responsiveness. In the 
current study,/3-adrenergic re eptor stimulation of 
adult myocytes after incubation under normother- 
mic control conditions caused increased contractile 
performance. Immature myocyte contractile func- 
tion also increased after/~-adrenergic re eptor stim- 
ulation, but remained lower than that in adult 
myocytes. As previously stated with respect o dif- 
ferences between immature and adult baseline con- 
tractile function, this finding is consistent with 
known functional immaturity of cellular contractile 
components such as the sarcoplasmic reticulum and 
myofilaments. Consistent with a previous report, 
hypothermic hyperkalemic cardioplegic arrest with 
subsequent rewarming caused reduced adult myo- 
cyte/3-adrenergic responsiveness, s In contrast, there 
was not a reduction in immature myocytc/3-adren- 
ergic responsiveness after hypothermic hyperkale- 
mic cardioplegic arrest and rewarming. It is likely 
that the mechanism for this preservation of/3-ad- 
renergic responsiveness in immature myocytes i the 
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same as that discussed for increased baseline con- 
tractile function, namely reduced calcium overload 
in immature myocytes with potassium-induced car- 
dioplegia. However, another possible mechanism 
for this age-dependent effect of/3-adrenergic recep- 
tor stimulation after cardioplegia nd rewarming is 
abnormalities of intracellular transduction. It has 
been demonstrated that one mechanism for in- 
creased contractility after /3-adrenergic receptor 
stimulation is generation of cyclic adenosine mono- 
phosphate and subsequent phosphorylation of the 
sarcoplasmic reticulum-bound protein phospho- 
lamban. 3~ In addition, reductions in sarcoplasmic 
reticulum content and its adenosinetriphosphatase 
activity are characteristic of immature myocytes. 29
Taken together, these past reports and the current 
study suggest hat hypothermic hyperkalemic car- 
dioplegic arrest with subsequent rewarming may 
have a selective effect on sarcoplasmic reticulum 
activity and cyclic adenosine monophosphate-de- 
pendent processes that would have less impact on 
immature myocyte ~3-adrenergic responsiveness. 
Isolated myocyte geometry. The current study 
measured myocyte profile surface area, which is 
proportional to myocyte volume, 15 in adult and 
immature myocytes after hypothermic hyperkalemic 
cardioplegic arrest with subsequent rewarming. This 
analysis demonstrated increased myocyte volume in 
adult, but not immature, myocytes after cardioplegic 
arrest and rewarming. These findings suggest pres- 
ervation of myocyte volume regulation in immature 
myocytes after exposure to hypothermic hyperkale- 
mic cardioplegic arrest and rewarming. The mecha- 
nisms responsible for volume regulation in the cell 
are adenosine triphosphate dependent. 1~Immature 
myocytes have been proposed to have greater ca- 
pacity for energy production via glycosylation and 
amino acid phosphorylation pathways. 9-11' 30 Thus 
one potential mechanism for maintenance of myo- 
cyte volume regulation in immature myocytes in the 
current study is enhanced adenosine triphosphate 
production and utilization during prolonged hy- 
perkalemic arrest. Although the mechanism respon- 
sible for volume regulation during hypothermic hy- 
perkalemic cardioplegic arrest and rewarming 
remains speculative, the maintenance of myocyte 
volume was associated with preservation of myocyte 
performance. 
Limitations. There are several limitations to the 
current study that must be recognized. As with any 
model of myocardial protection, this model does not 
exactly duplicate the clinical physiologic onditions 
of aortic crossclamping and administration of hypo- 
thermic cardioplegic solution. However, the method 
does provide a unique means to study the direct 
effects of cardioplegia on myocardial contractility at 
the level of the myocyte. The isolated myocyte 
system for the in vitro study of contractile function 
offers several unique advantages. Specifically, in vivo 
hemodynamic and neurohormonal influences, which 
may also be specifically altered in the postbypass 
period, are liminated as possible confounding fac- 
tors. In addition, this model is independent of 
potential problems with cardioplegic solution distri- 
bution caused by coronary stenoses. In the current 
study, significant differences in myocyte contractile 
function were observed between immature and 
adult cardiocytes after cardioplegic arrest. However, 
fundamental mechanisms that contributed to these 
differences remain speculative and warrant further 
investigation. Specifically, whether differential ef- 
fects in the function of the sarcolemmal nd sarco- 
plasmic reticulum occur between adult and imma- 
ture myocytes after cardioplegic arrest remains to 
be established. In this study, myocyte contractile 
function was examined in unloaded cardiocytes 
taken from mature and immature ventricles. Thus 
the capacity of these myocytes to respond to an 
external workload was not examined. However, in 
a past report it was demonstrated that changes in 
unloaded myocyte velocity of shortening is lin- 
early related to changes in the capacity of these 
myocytes to contract against an external oad. 36 
Therefore the diminished myocyte velocity of 
shortening that occurred in the adult myocytes 
after cardioplegic arrest in the current study 
suggests intrinsic defects in the capacity of these 
cardiocytes to respond to an external oad. 
Direct comparison of animal to human ages and 
developmental stages is problematic. However, the 
age of the animals used in this study falls well within 
a previously published "immature" category. 3° In 
the human context, differences exist between this 
model and the usual clinical situations in which 
cardioplegia is used for adults and young infants. 
Specifically, cardioplegia for the immature heart is 
typically used in the context of significant preexisting 
cardiac pathologic onditions uch as heart failure, 
myocardial hypertrophy from volume or pressure 
overload, or chronic cyanosis. Nevertheless, the 
focus of the current study was to test the central 
hypothesis that there are developmental differences 
in myocyte responses to hypothermic hyperkalemic 
cardioplegic arrest with subsequent rewarming. 
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Summary. This study provides unique evidence 
to suggest hat there is a developmental difference in 
the myocyte contractile response to hypothermic 
hyperkalemic cardioplegic arrest with subsequent 
rewarming. Specifically, after simulated cardioplegic 
arrest and rewarming, adult myocyte contractile 
function and cellular homeostasis were significantly 
impaired. In contrast, after cardioplegic arrest and 
rewarming, immature myocyte contractile function, 
/3-adrenergic responsiveness, and cellular homeo- 
static mechanisms for volume regulation were pre- 
served. 
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